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Ultra-hard low friction coating based on A1MgB14 for reduced wear of
MEMS and other tribological components and system
Abstract
Performance and reliability of microelectromechanical system (MEMS) components enhanced dramatically
through the incorporation of protective thin film coatings. Current-generation MEMS devices prepared by the
LIGA technique employ transition metals such as Ni, Cu, Fe, or alloys thereof, and hence lack stability in
oxidizing, corrosive, and/or high temperature environments. Fabrication of a superhard, self-lubricating
coating based on a ternary boride compound AlMgB14 is described in this letter as a potential breakthrough in
protective coating technology for LIGA microdevices. Nanoindentation tests show that hardness of AlMgB14
films prepared by pulsed laser deposition ranges from 45 GPa to 51 GPa, when deposited at room temperature
and 573 K, respectively. Extremely low friction coefficients of 0.04-0.05, which are thought to result from a
self-lubricating effect, have also been confirmed by nanoscratch tests on the AlMgB14 films. Transmission
electron microscopy studies show that the as-deposited films are amorphous, regardless of substrate
temperature; however, analysis of FTIR spectra suggests that the higher substrate temperature facilitates
formation of the B12 icosahedral framework, therefore leading to the higher hardness.
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ULTRA-HARD LOW FRICTION COATING 
BASED ON A1MGB14 FOR REDUCED WEAR 
OF MEMS AND OTHER TRIBOLOGICAL 
COMPONENTS AND SYSTEM 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
This application is a conversion of US. Provisional 
Application No. 60/505,366, ?led Sep. 23, 2003, Which is 
herein incorporated by reference in its entirety. 
GRANT REFERENCE 
Work for this invention Was federally funded under DOE 
Contract No. W-7405-Eng-82, and NSF-DMI-0084969. The 
Government may have certain rights in this invention. 
BACKGROUND OF THE INVENTION 
Microelectromechanical Systems (MEMS) are among the 
most signi?cant technological advances of the last tWo 
decades. Bulk micromachining and surface micromachining 
have become primary processing techniques for fabrication 
of MEMS devices derived from Si and Si-based materials. 
HoWever, there is a major drawback associated With the bulk 
and surface micromachining: loW geometric aspect ratio, 
Which severely limits their further applications. To meet the 
critical need for high-aspect-ratio microdevices, the LIGA 
(LIthographie-Galvanoformung-Abformung) technique, 
based on deep X-ray lithography and electroplating, has 
been developed and studied. The LIGA process is capable of 
producing microdevices a feW centimeters high With an 
aspect ratio of more than 100, Which is particularly advan 
tageous for microdevices such as micromotors and micro 
pumps since the high aspect ratios alloW the generation of 
high torque. In addition, the LIGA process also alloWs one 
to use conventional materials such as metals for the MEMS 
architectures. 
It is increasingly important to fabricate LIGA microde 
vices capable of operating in harsh environments, such as 
high contact stresses (microgear sets), high temperatures 
(microcombustion chambers), and corrosive environments 
(microheat exchangers or microcatalytic converters). None 
theless, most LIGA microdevices are manufactured out of 
Ni, Cu, Fe or their alloys, Whose performance Would be 
signi?cantly degraded in these demanding situations, even 
to the extent of total failure. Recently, surface treatment by 
coatings has been recogniZed as an effective method to 
alleviate this serious problem and substantially prolong the 
lifetime of LIGA microdevices. The characteristics of an 
ideal protective coating for LIGA microdevices are: loW 
Wear rate, loW coe?icient of friction, loW thermal conduc 
tivity, strong adhesion, chemical inertness, and high tem 
perature stability. Protective coatings With the potential to 
form a lubricating ?lm on their surfaces (self-lubricating) 
are particularly desirable for reducing friction and Wear in 
LIGA microdevices. 
Diamond-like carbon (DLC) ?lms have been explored for 
this use, hoWever, a high compressive residual stress of 
several GPa usually develops in DLC ?lms, causing delami 
nation of ?lms With thickness of greater than 100 nm. 
Moreover, DLC ?lms are thermally unstable at temperatures 
above 723 K, Which render them unsuitable for high tem 
perature applications. LoW-surface-energy, hydrophobic 
polymeric coatings are promising for minimiZing stiction 
and friction, but they do not improve the Wear resistance of 
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LIGA microdevices because of their comparatively loW 
hardness, and they fail at temperatures only moderately 
higher than ambient. 
SUMMARY OF THE INVENTION 
The invention is a neW superhard AlMgBl4 ?lm, Which 
serves as an excellent protective coating for LIGA microde 
vices, and Si-based MEMS components, due to its extremely 
high hardness, exceptionally loW coef?cient of friction (pro 
vided by self-lubricant), and strong adhesion to a Wide range 
of substrate materials. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a plan-vieW bright ?eld TEM image of 
AIMSSiODSMgBl4 ?lm deposited on a grid heated to 573 K. 
FIG. 2 is the Fourier-Transform infrared spectra of 
Al0_95SiO_O5MgBl4 ?lms deposited at tWo different substrate 
temperatures. 
FIGS. 3A and 3B shoW the AFM images of 
Al0_95SiO_O5MgBl4 ?lms deposited on Si(l00) at room tem 
perature and 573 K, respectively. 
FIGS. 4A and 4B shoW the hardness and moduli vs. 
contact depth of room temperature and 573 K-deposited 
AIMSSiODSMgBl4 ?lms. 
FIG. 5 shoWs a LIGA nickel component coated With 
AlosssioosMgBm 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 
The disclosure of our previous US. Pat. No. 6,099,605 
issued Aug. 8, 2000 is incorporated herein by reference, in 
all respects. The basic ceramic alloy used is an orthorhombic 
boride, AlMgBl4. An AlMgBl4-based alloy includes 
AlMgBl4, AlZSil_ZMgBl4, AlCrZMgl_ZBl4, AlTiZMgl_ZBl4 
and AlMgBl4X Where X in present is an amount of from 5 
Wt. % to 30 Wt. % and comprises a doping agent selected 
from the group consisting of Group III, IV and V elements 
and borides and nitrides thereof and Where 12220. An 
AlMgBl4-based alloy includes composites formed from the 
above compounds and CoiMn. 
AlMgBl4-based ?lms Were prepared on Si (100) and 
carbon-coated copper grids using pulsed laser deposition 
(PLD) at room temperature and 573 K. Alternatively, sput 
tering may be used to deposit the ?lms. Crystallographic 
studies indicate that the metal sites are not fully occupied in 
the lattice so that the true chemical formula may be closer to 
AlO_75MgO_78Bl4 Which is contemplated by the formula here 
used as AlMgBl4. The base pressure Was maintained beloW 
8x10“7 Torr. A loW base pressure keeps oxygen out of the 
system. The spinel, MgAl2O4 forms With oxygen present. 
The ?lms of the present invention contain less than 10 mol. 
% 0, preferably less than 5 mol. % O. Hot-pressed 
Al0_95SiO_O5MgBl4 Was used as the target. Silicon doping in 
the AlMgBl4 system Was accomplished by calculating the 
nominal masses of the individual elements, assuming the Si 
atoms substitute for Al in the boride lattice. The chemical 
representation for the Si-doped compositions is given by the 
folloWing: 
(Allexsix)MgBl4 
Where x is typically equal to 0.05, although a range of silicon 
substitutions is possible. The constituent elements are 
Weighed out in an inert atmosphere glove box and placed in 
a reaction vessel, Which is subsequently sealed to prevent 
US 7,238,429 B2 
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oxygen contamination. The reaction mechanism, typically 
high energy comminution, reduces particle siZe and facili 
tates interdiifusion betWeen the components, thereby form 
ing the desired alloy. The microstructure of 
Al0_95SiO_O5MgBl4 ?lms deposited on carbon-coated copper 
grids Was examined directly With a Philips 
CM30transmission electron microscope (TEM) operated at 
300 kV. A Bruker IFS 66v/S Fourier transform infrared 
(FTIR) spectrometer Was employed to extract local bonding 
information. Surface roughness of the ?lms Was measured 
by a Digital Instruments Dimension 3100 atomic force 
microscope (AFM), the root mean square roughness Was 
obtained over a scanning area of 300x300 nm. Nanoinden 
tation With Hysitron Triboindentor and a diamond cube 
corner tip (radius<100 nm) Was performed on the ?lms to 
obtain the hardness and elastic moduli of the ?lms as a 
function of the indentation depth, and the coef?cient of 
friction Was determined by a nanoscratch method With a 
conical diamond tip (radius:1 pm), the sliding speed Was set 
at 133 nm/s under a load of 10-100 uN, the sliding distance 
Was 4 pm. 
FIG. 1 shoWs a plan-vieW bright ?eld TEM image of 
Al0_95SiO_O5MgBl4 ?lm deposited on a grid heated to 573 K. 
The selected area diffraction pattern (SADP) from this ?lm 
is presented in the inset, in Which a halo (diffuse) ring pattern 
is clearly evident. Furthermore, static and conical dark ?eld 
images do not shoW any nanocrystalline structure, indicating 
that the ?lm is primarily amorphous. Small particles are 
occasionally observed in the ?lm. It is rather interesting to 
note that the ?lm exhibits a maZe pattern; an EDS study 
shoWed a homogeneous ?lm composition across the bright 
and dark stripes. It Was therefore speculated that the 
observed maZe pattern might be caused by variation in ?lm 
thickness, Which is believed to be a consequence of non 
uniform contraction of the AlO_95SiO_O5MgBl4 ?lm upon 
cooling from 573 K due to thermal expansion mismatch 
betWeen the Cu grid and amorphous AlO_95SiO_O5MgBl4 ?lm. 
The TEM image and SADP of AlO_95SiO_O5MgBl4 ?lm 
deposited at room temperature are similar to those of 573 
K-deposited AlO_95SiOO_O5MgBl4 ?lm except that the former 
does not shoW any maZe pattern, indicative of the amor 
phous structure in this ?lm. 
FIG. 2 shoWs the Fourier-Transform infrared (FTIR) 
spectra of AlO_95SiO_O5MgBl4 ?lms deposited at the tWo 
different substrate temperatures. Because of the minimal 
thickness of the ?lms, measurements Were performed in 
transmission mode, so that the ?lms Would not need to be 
physically removed from the substrates. The transmission 
characteristics of the Si substrate are Well knoWn and 
corrected for in the results. For the room temperature 
deposited AlO_95SiO_O5MgBl4 ?lm, it can be seen that there is 
a Weak absorption in the vicinity of 1000 cm“, Which could 
be assigned to an overlapping of A2”, and EM vibrational 
modes of a single Bl2 icosahedron. The loW absorption 
intensity indicates that the B12 icosahedron Was not fully 
developed at this deposition temperature. For the 
AIMSSiODSMgBl4 ?lm deposited at 573 K, hoWever, a stron 
ger absorption is observed at ~1100 cm_l, Which can be 
ascribed to the F l” vibrational mode of a single B 12 icosa 
hedron (Werheit et al., J. Alloys Compd., 202, 269 (1993)). 
This is a breathing mode characterized by tWo half-icosa 
hedra vibrating against each other. The strong absorption 
intensity suggests that Well-formed Bl2 icosahedra are 
present in the 573 K-deposited AlO_95SiO_O5MgBl4 ?lm. 
FIGS. 3A and 3B shoW the AFM images of 
Al SiO_O5MgBl4 ?lms deposited on Si(100) at room tem 
0.95 
perature and 573 K, respectively. This ?gure illustrates that 
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smooth AlO_95SiO_O5MgBl4 ?lms have been produced by the 
PLD technique, although some particulates, an artifact of the 
PLD process, are incorporated into the ?lms. The surface 
roughness of the 573 K-deposited ?lm Was found to be loWer 
than that of the room temperature deposited ?lm. The 
decrease in surface roughness at higher substrate tempera 
ture may be due to an enhanced surface mobility of adatoms, 
hence increasing the areal density of nucleation sites. 
The measured hardness and moduli of the room tempera 
ture and 573 K-deposited AlO_95SiO_O5MgBl4 ?lms are plot 
ted in FIG. 4, as a function of indentation contact depth. 
Both hardness and modulus decrease and approach those of 
the substrate (Si) With increasing indentation contact depth, 
exhibiting typical behavior of a hard ?lm on a soft substrate. 
If the ?lm is harder than the substrate, then most of the 
plastic deformation Would occur Within the softer substrate, 
leading to a “sink-in” effect even if the indenter had not yet 
penetrated through the ?lm. Since the in?uence of the 
substrate rises as the indentation depth increases, in order to 
determine the hardness of the ?lm alone, a Widely accepted 
rule of thumb calls for limiting the indentation depth to less 
than 10% to 15% of the ?lm thickness. FIG. 4 shoWs that the 
maximum hardness for the room temperature and 573 K-de 
posited AlO_95SiO_O5MgBl4 ?lms are 45 GPa and 51 GPa 
respectively; these values correspond to an indentation depth 
of less than 10% of the ?lm thickness, indicating that these 
hardness values may be very close to the true hardness of 
AIMSSiQOSMgBl4 ?lms. 
Although it cannot be said With certainty hoW the inven 
tion Works, it can be said that extraordinarily high hardness 
has been reported in superlattices and nanocomposite coat 
ings, Where interfacial phenomena govern the mechanical 
properties. Veprek et al. refer to such a microstructural 
contribution to hardness as “extrinsic hardness”. In this 
Work, superhardness of 45 GPa and 51 GPa Was achieved for 
the room temperature and 573 K-deposited Al0_95SiO_O5MgBl4 
?lms; hoWever, it should be noted that such high hardness 
Was essentially obtained in an entirely amorphous structure, 
in Which randomly distributed Bl2 icosahedra dominate 
according to the FTIR results. This appears to indicate that 
AlMgBl4-based ?lms derive their extreme hardness from 
the covalent, intraicosahedral BiB bonds, and the harden 
ing mechanism for AlMgBl4-based ?lms should be consid 
ered as “intrinsic”, Which is the case for conventional 
superhard materials, such as diamond and c-BN. The higher 
hardness (51 GPa) for the AlO_95SiO_O5MgBl4 ?lm deposited 
at 573 K may be due to its denser structure and formation of 
more Well-developed Bl2 icosahedra at higher deposition 
temperatures, as indicated by the FTIR spectra. 
The BiB bonding in B 1 2 icosahedra in AlMgB-basedl4 
?lms is electron de?cient, consequently the hardness is 
expected to be much loWer than that of conventional super 
hard materials, Whose crystal structures are typically based 
upon highly directional, covalent sp3 bonds. In this Work, 
hoWever, a hardness comparable to that of c-BN has been 
obtained in AlMgBl4-based ?lms. This anomaly might be 
associated With the incorporation of metallic dopants (i.e. Al 
and Mg) in AlMgBl4-based ?lms. It has been shoWn by 
electron density mapping that a substantial number of 
valence electrons can transfer from metal atoms to the boron 
frameWork in the AlMgBl4-type orthorhombic borides, 
leading to a full occupancy of valence band of B12 icosa 
hedra and thus, much stronger BiB bonds. This effect 
could be further enhanced in amorphous structures. 
The friction coef?cients of the room temperature and 573 
K-deposited AlO_95SiO_O5MgBl4 ?lms Were found to be 
extremely loW, ranging betWeen 0.04 and 0.05. Such loW 
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friction behavior can be attributed to the in situ formation of 
a very lubricious surface layer of boric acid (H3BO3), Which 
acts as a self-lubricant for AlMgBl4-based ?lms. Boric acid 
is an end product of sequential reactions among B, O and 
H20 in the air, it is characterized by a layered triclinic 
crystal structure similar to that of graphite, M082, and h-BN, 
i.e., closely packed H, B and O atoms in each layer are 
strongly linked to each other by covalent and ionic bonds, 
Whereas Weak van der Waals forces prevail betWeen the 
atomic layers. Hence, When in sliding contact With another 
solid surface, adjacent atomic layers in boric acid can be 
easily shear-deformed, Which results in a loW friction coef 
?cient. Such layered compounds have also been found on 
the surfaces of B4C and borided steel. 
LIGA components have been coated With 
AlO_95SiO_O5MgBl4. FIG. 5 shoWs an example of a LIGA 
nickel component coated With AlO_95SiO_O5MgBl4. The base 
pressure during deposition of coatings on LIGA components 
Was beloW 8x10‘7 Torr. The nanohardness obtained from 
200 C. and 300° C. deposited AlO_95SiO_O5MgBl4 ?lms on 
LIGA components exceeded 40 GPa, corresponding to 
indentation contact depth of less than 30 nm (all ?lms’ 
thickness ranges betWeen 300 nm and 400 nm for the 6-7 
hour deposition times). This indicates the hardness values 
are very close to the intrinsic hardness of AlMgBl4 ?lms. 
GroWth of a superhard, atomically smooth, and self 
lubricating AlO_95SiO_O5MgBl4 ?lm by pulsed laser deposi 
tion is demonstrated. Remarkable hardness of greater than 
40 GPa Was obtained from an entirely amorphous structure, 
this phenomenon can be accounted for based on an electron 
transfer mechanism from metal atoms present in the ?lm. In 
particular, AlMgB-basedl4 ?lm is useful for protective coat 
ings on LIGA microdevices and Si-based MEMS compo 
nents. 
The substrate used for depositing the layer of the AlMgBl4 
based alloy is not critical and the substrate may be selected 
from the group consisting of silicon, glass, quartz, aluminum 
oxide, iron, copper and nickel. 
What is claimed is: 
1. A method of forming an ultra-hard, loW friction coated 
device comprising the steps of: 
providing a micromachined substrate; 
depositing a layer of AlMgBl4-based alloy over the 
micromachined substrate; 
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Wherein the deposited layer of AlMgBl4-based alloy 
contains less than 10 mol % O. 
2. The method of claim 1 Wherein the depositing is by 
pulsed laser deposition. 
3. The method of claim 1 Wherein the depositing is by 
sputtering. 
4. The method of claim 1 Wherein the substrate is selected 
from the group consisting of silicon, glass, quartz, aluminum 
oxide, iron, copper and nickel. 
5. The method of claim 1 Wherein the AlMgBl4-based 
alloy is selected from the group consisting of AlMgBl4, 
AlZSil_ZMgBl4, AlCrMgl_ZBl4, AlTiZMg1_ZBl4 and 
AlMgBl4X Where X is present in an amount from 5 Wt. % 
to 30 Wt. % and comprises a doping agent selected from the 
group consisting of Group III, IV and V elements and 
borides and nitrides thereof and Where IZZZO. 
6. The method of claim 5 Wherein the AlMgBl4-based 
alloy is AlMgBl4. 
7. The method of claim 5 Wherein AlMgBl4-based alloy 
is AlZSil_ZMgB14. 
8. The method of claim 5 Wherein the AlMgBl4-based 
alloy is AlCrMg1_ZMgl_ZBl4. 
9. An ultra hard, loW friction coated device comprising a 
micromachined substrate With a surface coating of 
AlMgBl4-based alloy Which contains less than 10 mol % O. 
10. The device of claim 9 Wherein the AlMgBl4-based 
alloy is selected form the group consisting of AlMgBl4, 
AlZSil_ZMgBl4, AlCrZMg1_ZBl4, AlTiZMg1_ZBl4 and 
AlMgBl4X Where X is present in an amount from 5 Wt. % 
to 30 Wt. % and comprises a doping agent selected from the 
group consisting of Group m, IV and V elements and borides 
and nitrides thereof and Where IZZZO. 
11. The device of claim 9 Wherein the AlMgBl4-based 
alloy is AlMgBl4. 
12. The device of claim 9 Wherein the AlMgBl4-based 
alloy is AlZSil_ZMgBl4. 
13. The device of claim 9 Wherein the AlMgBl4-based 
alloy is AlCrZMgl_ZBl4. 
14. The device of claim 9 Wherein the surface coating of 
AlMgBl4-based alloy contains less than 5 mol. % O. 
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Page 11, Claim 10, Column 6, line 31: 
DELETE: 
after consisting of Group “m” 
ADD: 
after consisting of Group -- III - 
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Page 11, Claim 10, Column 6, line 32: 
DELETE: 
after nitrides thereof and Where “1 Z Z Z 0” 
ADD: 
after nitrides thereof and where -- 1 Z z Z 0 - 
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